Doping isolated single atoms of a platinum group metal into the surface of a noble metal host is sufficient to dramatically improve the activity of the unreactive host yet also facilitates the retention of the host's high reaction selectivity in numerous catalytic reactions. The atomically dispersed highly active sites in these Single Atom Alloy (SAA) materials are capable of performing facile bond activations allowing for the uptake of species onto the surface, and the subsequent spillover of adspecies onto the noble host material, where selective catalysis can be performed. For example, SAAs have been shown to activate C-H bonds at low temperatures without coke formation, as well as selectively hydrogenating unsaturated hydrocarbons with excellent activity. However to date, only a small subset of SAAs has been synthesised experimentally and it is unclear which metallic combinations may best catalyse which chemical reactions. To shed light on this issue, we have performed a wide-spread screening study using density functional theory to elucidate the fundamental adsorptive and catalytic properties of 12 SAAs (Ni-, Pd-, Pt-and Rh-doped Cu(111), Ag (111) and Au (111)). We considered the interaction of these SAAs with a variety of adsorbates often found in catalysis, and computed reaction mechanisms for the activation of several catalytically relevant species (H2, CH4, NH3, CH3OH and CO2) by SAAs. Finally, we discuss the applicability of thermochemical linear scaling and the Brønsted-Evans-Polanyi relationship to SAA systems, demonstrating that SAAs combine weak binding with low activation energies to give enhanced catalytic behaviour over their monometallic counterparts. This work will ultimately facilitate the discovery and development of SAAs, serving as a guide to experimentalists and theoreticians alike.
Introduction
Binary metal alloys are known to exhibit unique catalytic behaviour that is often distinct from their monometallic parent metals. [1] [2] One could, for instance, choose to combine a widelyused catalytic metal, e.g. from the platinum group, with a more inert metal, e.g. from the group 11 noble metals, in order to improve the selectivity of the former and the activity of the latter. [1] [2] In fact, pioneering work by Sykes and co-workers has shown that highly dilute bimetallic alloys, where single atoms of a platinum group metal are dispersed in the surface layer of a noble metal host, are sufficient to dramatically enhance the activity of the host material whilst retaining excellent selectivity for numerous catalytic chemistries. [3] [4] [5] [6] [7] [8] [9] [10] These
Single Atom Alloys (SAAs) typically consist of just 1% of the active metal such that the dopant is isolated within the surface layer of its noble metal host. [11] [12] [13] [14] [15] This strategy allows for facile activation of species onto the surface through the atomically dispersed active sites and enables selective catalysis to occur on the surface, whereas the rate of reaction was previously adsorption limited on the singe noble metal. [3] [4] [5] [6] [7] [8] For example Pd-and Pt-doped SAAs are capable of performing low temperature hydrogen activation and of facilitating the subsequent spillover onto their noble metal hosts, where selective hydrogenation can take place. 3-4, 8, 15-18 Additionally, Pt/Cu SAAs have shown high resistance to coke formation during C-H activation and subsequent C-C coupling reactions and can perform efficient dry dehydrogenation of alcohols to carbonyls. 5, [9] [10] [19] [20] SAAs offer strong resistance to catalytic poisoning by CO [21] [22] ; yet, as alluded to above, still retain the ability to catalyse numerous chemistries with high activity at low temperatures.
Thus, SAAs hold the potential to be superior catalysts compared to pure metals, offering excellent activity, selectivity and stability. However, the discovery of metal-metal combinations that exhibit these attributes, as well as determining applicable chemistries, remain non-trivial tasks. In the majority of cases, catalytic materials are discovered by trialand-error methods, though this is both costly and time-consuming.
Within the last two decades, significant advances in computational hardware and software have facilitated the widespread screening of materials for chemical properties using ab initio calculations, for example with Density Functional Theory (DFT). Though significant strides have been made, DFT remains computationally expensive for large systems, thereby reducing its effectiveness in catalyst discovery. [23] [24] [25] [26] It comes as no surprise that significant effort has been expended in attempts to reduce this computational burden by developing
simple, yet reliable descriptor-based models from a subset of DFT data. [24] [25] [26] Two elegant descriptor-based models that are widely used are Thermochemical Linear Scaling (TCS) [24] [25] 27 and the Brønsted-Evans-Polanyi relationship (BEP). [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] TCS is based on the empirical observation that the adsorption energies of chemically similar species, e.g.
two molecules that bond via the same atom, are linearly correlated with one another. [24] [25] 27 Similarly, the BEP relationship suggests that the difference in the adsorption energies of reactant and product states in an elementary reaction are linearly correlated to the activation energy. 31 Thus, by combining TCS and the BEP relationship, one could extract kinetic data for a reaction, based on the adsorption energy of just a few species (e.g. appropriately chosen adatoms), making descriptor-based models exceptionally powerful tools in catalyst design. 26, [37] [38] [39] [40] [41] In this article, we present a DFT-based study in which we have screened the reactivity of 12
SAAs consisting of Ni-, Pd-, Pt-and Rh-doped Cu, Ag and Au. We have performed calculations to determine the formation energies of an array of catalytically relevant molecular fragments, and have analysed the data to explore the validity of TCS relations on these surfaces. Additionally, we determine the elementary step for the activation of several simple chemical species that contain bonds of significant importance in catalysis, namely H-H, C-H, N-H, O-H and C=O. We go on to study the BEP relationship as applied to SAAs, such that this work can be used to aid in the design of new materials for catalysis.
Computational Details
Periodic plane wave DFT calculations were performed using the Vienna Ab Initio Simulation Package version 5.4.1. [42] [43] [44] A plane-wave kinetic energy cut-off of 400 eV was used for the valence electron expansion and the core electrons were accounted for using projector augmented wave (PAW) potentials. [45] [46] Methfessel-Paxton smearing was used with a smearing width of 0.1 eV. The non-local optB86b-vdW exchange-correlation functional was used, which is a revised version of the van der Waals density functional of Dion et al. [47] [48] [49] [50] Lattice constants for the bulk pure fcc metals were optimised (Table S1 ) and agree well with those reported in the literature. 48 A p(3 × 3) surface unit cell was used with five layers of metal atoms for all calculations, where the topmost four layers and all adsorbates were allowed to fully relax. For SAA calculations, one surface atom of the host metal was replaced by a single dopant atom (Figure 1 ), prior to relaxation; the surface dopant atom density is similar to that in experiment in high density regions that are still in the SAA regime (~10 %).
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The p(3 × 3) unit cell is large enough to have dopant atoms as fifth nearest neighbours, thus suppressing short range ordering. A vacuum region of approximately 10 Å was included in the supercell in the z-direction to prevent interaction between periodic images along this direction. The Brillouin zone was sampled with a gamma-centred 13 × 13 × 1 MonkhorstPack k-point grid which was sufficiently dense to ensure a high level of convergence in the formation energy of all species considered. The Hellmann-Feynmann forces acting on all free atoms were optimised to below 0.01 eV·Å -1
. We ensured electronic self-consistency at each ionic step to a tolerance of 10 -7 eV. The transition state energies were found using the climbing image nudged elastic band (CI-NEB) and dimer formalisms of Jónsson and Henkleman. [51] [52] Vibrational frequency calculations were performed using the finite displacement method with a step size of 0.02 Å, ensuring all transition states were first order saddle points. 
Energy Definitions

Formation Energy
Given the large number of chemical species involved in this study, we define the formation energy of each adsorption system relative to a number of stable gas phase molecules (H2(g), CH4(g), NH3(g), and CO2(g)), thereby allowing the stability of different fragments to be compared to one another within the same reference. In the case of a generic adsorbate A, we give the formation energy as
where ( + ) is the DFT total energy of A adsorbed on the metal slab (M), ( ) is the DFT total energy of clean M and ( ) is a linear combination of gas phase DFT total energies whose atoms constitute A; e.g. for A = CO, 
The reaction energy ∆ is the difference in the DFT total energy between the final and initial states of the reaction, that is
Negative values of ∆ imply an exothermic reaction, whereas positive values imply an endothermic reaction. The "initial state" configurations of each reaction are physisorbed or chemisorbed precursor states and the "final state" configurations are the co-adsorbed dissociated products.
Having outlined our methodology, the rest of the paper is organised as follows: we present our data in the "Results and Discussion" section where we explore the interactions of a subset of catalytically relevant adsorbates with SAAs, comparing and contrasting the chemical properties of these surfaces with one another, as well as with their monometallic analogues. We further analyse the formation energy data in the context of TCS relations and determine the applicability thereof to SAA materials. Finally, we present calculations that elucidate the elementary pathways of simple bond dissociation reactions, which have catalytic application, and analyse this data in the context of the BEP relationship. The findings and conclusions drawn from our study will guide experimental and theoretical work that will advance the development of SAA materials within catalysis. A general observation from our calculations is that most of the fragments considered adsorb more strongly on the SAA surfaces than they do on the corresponding monometallic host materials but less strongly than they do on the surfaces of the pure metal surfaces of the dopant (Table S2) . Thus, our subset of SAAs generally exhibit intermediate formation energies which is a result of the dilution of the more reactive metal atom into a less reactive host material surface. However, there are exceptions to this general observation. For example, Rh-doped and Ni-doped Au surfaces exhibit enhanced adsorption strength towards CH3OH and NH3 compared to pure Rh and Ni, respectively (Table S2) . Moreover, each alloy of Rh binds CO more strongly than pure Rh, in a good agreement with our previous work where we used a similar computational setup, albeit with RPBE as the xc-functional. 21 We also note that in some cases SAAs bind adsorbates more weakly than their corresponding noble metal hosts. This is particularly common for Pd-and Pt-doped Cu. For the former, we compute more negative formation energies on pure Cu than this SAA for N, NH, NH2, CH3, CH3OH, O and H2O, whereas this is the case for NH, NH2, NH3, CH3OH, O and H2O on the latter (Table S2) .
Results and Discussion
Adsorption on Single Atom Alloy Surfaces
Interestingly, despite marked differences in the reactivity between the host metal and dopant metal, the favoured adsorption sites for most adsorbates on SAAs tend to follow simple valency rules that are also adhered to by most pure metal surfaces. 53 That is, closed-shell Lewis bases, as well as those species with a single dangling bond prefer to adsorb on the dopant atom top site (Figure 1 ). Fragments with two or three dangling bonds are most stable on shared dopant-host bridge and dopant-host-host hollow sites (Figure 1) , respectively.
Similarly, single adatom adsorption is preferable in dopant-host-host hollow sites (Figure 1) on all SAAs, with the exceptions of H adsorption on Pt/Ag(111) and Pt/Au(111). In these cases, H is unstable in Pt-host-host hollow sites and unconstrained geometric minimisation from such a configuration results in H relaxing to the Pt top site (notably on pure Pt(111), H is also more stable on the Pt top site than in high-symmetry sites).
Thermochemical Scaling Relations
To aid in the rational design and discovery of new catalytic materials, one can employ TCS.
Extrapolation of linear relationships given by TCS can yield approximate formation energies of complex fragments allowing for inferences to be made about the reactivity of a catalytic surface with little computational expense. Thus, in this section we evaluate the applicability of TCS to SAA adsorption systems, though in order to compare and contrast to the analogous pure metal relations we begin by discussing the TCS thereon.
Pure Metal Surfaces
On pure metal surfaces, it is well established that the adsorption energies of a multitude of molecular fragments scale linearly with that of other chemically similar fragments. [24] [25] 27 We show on our subset of monometallic fcc(111) surfaces, that this is true (Figure 2 , Table S3 ).
Our data shows that there are strong linear correlations between the formation energies of C adatoms and CHx, CH3OH, CO and H fragments (Figure 2 , Table S3 ), indicating that changes in the formation energy of any of these fragments will be accompanied by a change in that of others that can be predicted by the linear relation. Similarly, N adatom formation energies are strongly correlated to NHx, CO and H fragments (Figure 2 , Table S3 ). For most fragments related to O adatoms in this study, the TCS correlations are weak, though reasonable linear correlations between the formation energy of O and that of OH and H exist, in addition to a strong correlation with CH3O ( Figure 2 , Table S3 ).
Comparisons between the formation energies of closed shell fragments with lone pairs of electrons that are explored in this study, show that these are all strongly correlated to one another ( Figure 2 , Table S3 ). That is the formation energies of CO, H2O, CH3OH and NH3 on pure metal (111) surfaces all exhibit strong TCS relations. The case of CO is of particular interest here: the formation energies of this species on pure metals scale with the formation energies of all of these fragments in addition to those of C, N and H adatoms. This implies that surfaces that generally bind these species more strongly are also more susceptible to poisoning by CO.
Though just a few examples have been shown here, there is wide applicability of TCS on pure metallic surfaces with many more adsorption systems obeying these linear scaling relations. [24] [25] This allows us to make inferences about the applicability of a metal catalyst to a given chemical system and about its potential performance. Having briefly discussed our findings on pure metal systems, which are corroborated by the findings of others 24-25, 27, 54-56 , we now move on to discuss the corresponding TCS relations on SAAs.
Single Atom Alloy Surfaces
As we have discussed already, SAAs have an increased chemical heterogeneity in their surface layer compared to their monometallic counterparts. SAAs have an isolated dopant atom that gives rise to the formation of several distinct surface adsorption sites (Figure 1) that vary in their bonding contributions from each metal alloy constituent. We have already suggested that despite the marked difference in reactivity of each metal, adsorbates on SAAs generally follow the same valency rules found on their pure metal analogues. 53 To assess the consequences of SAA surface chemical heterogeneity on TCS, we begin by considering the correlation between the formation energy of a single adatom on shared dopant-host-host hollow sites and that on dopant-only top sites (Figure 2 ). Interestingly we find that there is no correlation between these two quantities for C, N and O adatoms, whereas on pure metal surfaces, hollow site to top site formation energies of these adatoms are very strongly correlated (Figure 2 ). This demonstrates that the adsorption behaviour at a SAA dopant top site is distinct from that of shared dopant and host sites and therefore formation energies of different fragments may be decoupled.
Thirumalai and Kitchin 57 recently explored the electronic structure of SAA surfaces. They found that the atom-projected density of states of the dopant in SAAs has a sharp feature close to the Fermi level that is akin to that of a single gas phase dopant atom. This peak is thought to be the result of ineffective mixing of the electron densities between the dopant and host materials, resulting in SAAs exhibiting unique reactivity that is distinct from traditional transition metals and their alloys. 57 Such ineffective mixing of transition and noble metal electron densities is also described in a publication by Inderwildi et al. 58 on Rh/Ag bimetallic alloys. In this instance, they calculated a higher number of occupied Rh d-states close to the Fermi level for alloys with an increased Ag molar fraction; this can be attributed to poor mixing between the d-states of each metal in the alloy. [58] [59] In the context of our calculations, poor charge mixing between the transition metal and the noble metal suggests that the isolated dopant top site will have distinct reactivity from shared dopant-host and dopant-host-host sites as we have observed in Figure 2 . Considering a set of molecular species we find that for SAA surfaces, pure metal TCS relations hold remarkably well in the majority of cases. The formation energies of single adatoms bound to the more favoured shared dopant-host-host hollow sites, scale well with those of other fragments adsorbed at shared site types. For example, C adatom formation energies scale well with the formation energies of CH and CH2 species (Figure 3) . Similarly the formation energies of N adatoms scale well with those of NH and NH2 fragments and O adatom formation energies scale well with that of OH (Figure 3) . Notably, the adsorption of OH on SAAs is typically at the shared dopant-host-host site, though in the cases of Pt/Au(111) and Rh/Au(111) dopant top site adsorption is more favourable. The remaining fragments in our study that adsorb preferentially to SAA top sites are Lewis bases and formally bond via a lone pair of electrons to each surface. Interestingly, we find that strong linear correlations between the formation energies of CH3OH, NH3 and H2O on SAAs exist (Table S3 ). The TCS relation between CH3OH and C is weak on SAAs (R 2 = 0.443) though much stronger on the pure metal surfaces (R 2 = 0.971), as is the case for NH3
and N (SAA R 2 =0.183, pure metal R 2 = 0.811). Finally, in the case of CO we find that, despite also binding to the dopant top site, the formation energies of CO on SAAs are uncorrelated to those of H2O, CH3OH and NH3, which is in contrast to the pure metal surfaces. However, the formation energy of CO is correlated to that of C, though on SAAs this TCS relation is distinct from that of the pure metals, with the binding strength of CO on SAAs falling significantly with small decreases in that of C compared to the pure metals (Table S3) .
As we have discussed already, those adsorbates that bond primarily through accepting electron density from the surface (e.g. open-shell fragments) have formation energies that scale well with one another, providing they are bound to the same SAA surface site. A similar argument holds for those that primarily donate density to the surface (i.e. closed-shell
Lewis base fragments). However, the formation energies of density acceptors and those of density donors that bind to the same SAA surface site are non-correlated. The TCS for donor adsorbates depends on the ability of each surface to accept electron density rather than the ability of the adsorbate to donate it; the surface accepting properties remain constant, irrespective of the adsorbate and so donor species formation energies are correlated with one another. In this sense, CO is unique. CO both accepts and donates density to the surface thanks to synergic bonding. Thus, it is no surprise that CO formation energies are non-correlated with those of the traditional Lewis bases due to its distinct bonding mode. CO is often used as a probe molecule for general reactivity in surface science experiments, though it may not be widely applicable for SAAs as its adsorption properties do not scale well with all fragments. Moreover, a lack of correlation between the adsorption strengths of CO and other fragments implies that SAAs could resist CO poisoning in some cases, as we have shown in previous publications.
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So far we have discussed the adsorption behaviour of SAAs towards a set of adsorbates that are typically found in an array of catalytic processes. We have shown that the preferred surface sites types for adsorption on SAAs are generally given by site valency rules 53 , which in turn lead us to examine the applicability of TCS relations on these surfaces. In the next section we present calculations pertaining to the elucidation of molecular mechanisms for several simple, yet catalytically relevant bond dissociation reactions on SAAs. We discuss how the kinetics of these reactions differ from that on pure metal surfaces, and we highlight interesting cases, comparing to experimental data and discussing the appropriateness of universal BEP relationships in describing these chemistries on SAAs.
Catalytically Relevant Bond Dissociation Reactions
In this section, we explore the chemistries and bond dissociations of several simple, yet catalytically relevant compounds on SAA surfaces. Our study has focussed on H-H, C-H, N-H, O-H and C=O bond activations from H2, CH4, NH3, CH3OH and CO2, respectively. By computing the minimum energy pathways for these bond dissociations, we have found that whilst exhibiting intermediate adsorption properties, SAAs also exhibit low activation energies (see supporting information Table S4 ). Thus, we proceed from here to discuss the catalysis of these bond scissions on SAAs, alluding to their mechanistic pathways whilst making comparisons with the pure metals. We link our calculations to previous experiments,
showing that our data is in strong agreement with these works. Moreover, we highlight a selection of systems that look extremely promising in experimental/practical applications and elucidate BEP relationships for our set of reactions on SAAs.
Hydrogen Dissociation
As we showed in the "Adsorption on Single Atom Alloy Surfaces" section, shared dopanthost-host hollow sites are the most favoured for dissociated H adatoms on most SAAs. For molecular H2, we have found that there is a stable adsorption site on the dopant atom top site (Figure 4) . This binding is a weak physisorption that we are able to capture as a result of using a dispersion-inclusive xc-functional (OptB86b-vdW). The physisorption of H2 is non- 
Methane Activation
Similar to the adsorption of molecular H2, CH4 physisorbs to the top site of all SAAs ( Figure   5 ). Using a dispersion-inclusive functional, we are able to capture the energetics of this interaction well. [60] [61] In general, the physisorption of CH4, mainly attributed to van der Waals interactions, is somewhat independent of the metal surface. Thus, CH4 has an formation energy of approximately -0.2 eV on most surfaces. The C-H bond activation in CH4 occurs over the dopant top site on each SAA with the dissociating C-H bond vector orientated towards either a dopant-host bridge site of dopant-host-host hollow site depending on the surface ( Figure 5) . In all cases, the dissociated H adatom moves into a shared dopant-hosthost hollow site and the CH3 fragment remains formally on the dopant top site, though is displaced from the high symmetry position due to a lateral interaction with H ( Figure 5 ). As noted earlier, CH3 in the absence of H is stable only on the dopant top site of SAAs. As in the case of H2 dissociation, the SAAs have notable effects on the activation energies (Table S4) coke as a result of Cu-like C-H activation barriers for low valency CHx fragments, 5 or due to C-C coupling reactions proceeding with low barriers on the Cu host material. 62 On each of the pure host materials we consider here, the coupling of carbonaceous fragments to produce higher order hydrocarbons is rate limited by the scission of C-H bonds. [62] [63] [64] [65] Conversely, the pure dopant metal surfaces can readily activate C-H bonds though suffer from poor selectivity and coke formation. 5 Using SAAs, one can activate the necessary C-H bonds to create CHx fragments that can be coupled on pure host regions of the alloy, making SAAs a highly attractive prospect for the upgrade of shale gas.
Ammonia Activation
The chemisorption NH3 is strong on all SAA surfaces and, as discussed earlier, the only stable adsorption site local to the dopant metal atom is the dopant top site (Figure 6) . The N-H bond scission transition state is located on the dopant top site, where the dissociating NH2 fragment is positioned towards a shared dopant-host bridge and the dissociating H fragment is approximately orientated towards the bridge with an NH2-dopant-H angle of 180˚ (Figure 6 ). On all of the SAAs, the dissociated NH2 fragment relaxes onto the shared dopant-host bridge site (Figure 6 ), thereby satisfying site valency rules. In the majority of cases, the dissociated H adatom relaxes into a shared dopant-host-host hollow site that is 150˚ about the dopant from the dissociated NH2 fragment (Figure 6 ). In the cases of Au(111) based SAAs this H relaxation is to the shared dopant-host bridge sites at 180˚ about the dopant relative to NH2. Similarly to the H2 and CH4 cases discussed so far, as the transition states for N-H dissociation on SAAs are located over the single dopant atom, there is significant stabilisation of this transition state compared to the pure host metal cases. Consequently, our calculations suggest that N-H bond scission on SAAs exhibits significantly lower kinetic barriers ( Our calculations suggest that the activation barriers for SAAs with Ag(111) and Cu (111) hosts are more dopant-like, whereas those with Au(111) hosts are more host-like. Thus, in choosing a SAA material to perform N-H bond catalysis, one should select a SAA with a Ag(111) or Cu(111) for the best activity. However, it is also of interest to note that, as discussed earlier, SAAs with Au(111) hosts are capable of performing facile C-H bond dissociations (as well as O-H activation as we will discuss shortly) and therefore may offer enhanced selectivity (compared to pure metals) towards these bond scissions without activating N-H bonds, for example in amines.
We should note that the NH3 activation mechanisms we have calculated here are all for flat ; it is therefore suggestive that the trends we calculate across the fcc(111) surfaces will also be valid on other non-flat facets.
Methanol Dissociation
The chemisorption of CH3OH involves dative bonding via O to the dopant metal top sites on each SAA surface, with the O-H bond nearly parallel to the surface plane in each case (Figure 7, top) , in good agreement with earlier work. 67 One exception is on Pt/Cu(111), on which it is more favourable for CH3OH to adsorb to an adjacent Cu atom rather than the single dopant atom (Figure 7, bottom) , in good agreement with calculations of CH3CH2OH on this SAA. 19 Interestingly the lowest energy O-H dissociation transition state does not always coincide with the lowest energy CH3OH adsorption. We have identified two unstable modes on each surface which we term the "methanol-like" (Figure 7, top) and "methoxylike" (Figure 7 , bottom) transition states, due to the similarities of their geometries to the initial and final states, respectively. Similar transition state types have been noted on bimetallic surfaces for CH3OH scission by Fajin et al.
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Figure 7:
The initial states (left), transition states (middle) and final states (right) for CH3OH O-H dissociation on Ni/Ag(111) and Pt/Cu(111) SAAs for the "methanol-like" (top) and "methoxy-like" (bottom) dissociation pathways. A five layer slab was used in these calculations along with a p(3 × 3) unit cell. Only a portion of the cell is shown for clarity.
The "methanol-like" transition state (Figure 7, top) is located on the dopant atom top site with the dissociating O-H bond axis the only major difference in the structure compared to stable CH3OH found in the initial state. The O-H bond is orientated across shared dopanthost bridge site in the initial state whereas in the transition state the H-O-C angle is reduced, such that the dissociating O-H bond is pointed towards the adjacent dopant-host-host hollow site in this case (Figure 7, top) . The final state formed from the "methanol-like" transition state has the dissociated H and CH3O fragments separated by the single dopant atom, both adsorbed in shared dopant-host-host hollow sites (Figure 7, top) .
On the other hand, the "methoxy-like" transition state (Figure 7, bottom) is positioned on host metal sites that are adjacent to the dopant metal atom. In this case, the single dopant Initial State Transition State Final State atom abstracts the dissociating H whereas the CH3O fragment is stabilised by the host material. The dissociating O-H bond axis is near-parallel to the surface and is orientated across the pure metal bridge site formed by two host atoms that are nearest neighbours of the dopant, with the H closest to the single metal atom (Figure 7, bottom) . The C-O bond is near-perpendicular to the surface and is close to the final CH3O structure (Figure 7,   bottom) . The dissociated H and CH3O fragments are located on the dopant metal atom and the pure host, respectively (Figure 7, bottom) . 
Carbon Dioxide Reduction
The final reaction we have considered in this study is the reduction of CO2 through C=O bond scission. We determine that CO2 weakly physisorbs to all SAAs with the O=C=O axis parallel to the surface plane and at a distance of approximately 3 Å to the dopant atom (Figure 8 ). This configuration is predominantly a van der Waals interaction, thereby giving little variation in the formation energies across the SAAs which are approximately -0.27 eV.
The C=O bond activation occurs over shared dopant-host-host hollow sites on all SAAs hydrocarbons. 68 In that study there is a decoupling of the hydrogen evolution reaction, the CO oxidation and the CO hydrogen reduction pathways. Our data suggests that the SAAs we have considered, densely sample a wide range of reaction energies and activation energies for CO2 reduction, not all of which are accessible by pure metal surfaces. Thus, SAAs could offer attractive opportunities for tandem catalysis towards the conversion of CO to hydrocarbons.
Brønsted Evans Polanyi Relationships
Having explored the mechanistic aspects of five simple bond dissociation reactions on SAA surfaces, in this final section we discuss the applicability of the BEP relationship to reactions occurring on SAAs such that it may be employed in the design of these novel materials. The BEP relationship suggests that there is a linear correlation between the reaction energy and activation energy of a chemical reaction. Thus, we use the data reported above to derive BEP relationships for H2, CH4, NH3, CH3OH and CO2 bond dissociation reactions and also address the notion of universality in the relations across different surface classes.
Plots of the BEP relationships for each reaction on pure metal and SAA surfaces are given in Figure 9 . We model the relationship between the activation energy (Ea) and the reaction energy (ΔERxn), plotting the corresponding linear fit for each surface type in Figure 9 and reporting the fitted slopes, intercepts, coefficients of determination (R 2 ) and mean absolute errors (MAE) in Table S5 . We perform appropriate Student's T-tests (see supporting information for a detailed discussion thereon) to determine whether or not SAAs and pure metals follow the same or unique BEP relationships, giving the full results in Table S5 .
In Pt, which is an outlier due to exhibiting a low activation barrier though binds CH3O weakly which has been previously reported by others. 69 The slopes of our pure metal BEP linear fits agree well with those of others that include a larger subset of transition metal surfaces than we consider here, though in some cases the intercepts we compute are different as a result of using a non-local functional. 30, 55 Interestingly, across the range of reaction energies considered here, the SAA BEP lines lie below those of the pure metals in all cases. In general, this indicates that for a given reaction energy, the SAAs exhibit lower activation energies than the pure metal surfaces. Thus, a SAA combines both weak binding with low activation energy allowing for optimised catalytic performance.
For the bond dissociation reactions from H2, CH4, and NH3 (Figure 9 ), Student's T-test (see supporting information for more detail, On the other hand, this is not the case for CH3OH and CO2 dissociation (Figure 9) , which have the same slopes and intercepts at the 90 % confidence interval. Thus, in the cases of CH3OH and CO2 bond dissociation reactions, it is appropriate to use a universal scaling relation for both pure metals and SAAs to make predictions about their catalytic performance, though in the cases of H2, CH4 and NH3 dissociation SAA specific BEP relationships must be used. Briefly analysing the quality of each BEP linear regression on SAAs (Table S5) Considering the geometries of the initial, final and transition states during each catalytic bond dissociation, we can provide a qualitative justification to the differences in the pure metal and SAA BEP relationships in a similar way to how we justify formation energy decoupling in the context of TCS. In the case of those reactions that form distinct BEP relationships, we note that the initial and transition states are stabilised primarily by the dopant metal atom whereas the final dissociated states (due to a reduction in the fragment valency) are bound to a combination of shared dopant-host sites. Thus, the poor charge mixing between the dopant and host metals as described by Thirumalai and Kitchin
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, results in the transition states being additionally stabilised compared to the final states for these reactions on SAAs. However with CO2 dissociation for example, this is not the case; the dissociating O adatom is located on a pure host bridge site and the dissociating CO fragment is on the dopant top site in both the transition and the final state; thus, both states are stabilised to the same degree.
Conclusions
We have presented a comprehensive study of the reactivity of SAAs in which platinum group metals are doped at the single atom limit into noble metal hosts. We have investigated the adsorption behaviour of a variety of catalytically relevant species as well as the kinetics of several simple, yet highly relevant bond dissociation reactions on these materials through the use of DFT.
Our calculations show that SAAs typically offer intermediate binding strength compared to the corresponding monometallic dopant and host surfaces, though in some cases SAAs including Rh-and Ni-doped Ag and Au, actually exhibit enhanced reactivity towards adsorbates. We determine that SAAs are subject to the simple adsorption valency rules that are generally followed by pure metal surfaces 53 , whereby the binding site preference (e.g. on top, bridge or hollow sites) is given by the number of dangling bonds in the adsorbate. An interesting consequence of this, is that SAAs strongly adhere to pure metal TCS when the most stable adsorption site of each fragment is the same, though deviate when this is not the case.
Our investigation into the kinetics of simple, catalytically relevant bond dissociation reactions showed that SAAs combine weak binding and low activation energies for bond dissociations in H2, CH4 and NH3, as well as very low activation energies for the CO oxidation reaction and CH3OH dissociation in several cases. Finally, we determined BEP relationships for these bond dissociations on SAAs noting that they may deviate from those on pure metal surfaces as a result of relative changes in the dopant/host bonding contributions to the transition state and to the final state. The large amount of data presented in this article, along with our interpretations, will aid in the discovery and development of SAA materials that exhibit unique and exciting catalytic behaviour. 
